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INTRODUCTION:

Breast, prostate, lung and renal cancers are the most common primary tumors which metastasize to
bone. The vertebral column is the most frequent skeletal site for metastases (6) and due to the proximity to
the spinal cord, 5% to 10% of all cancer patients develop neurologic manifestations (2). Up to 1/3 of all
cancer patients develop metastases to the spinal column and over 50% of spinal metastases with neurologic
manifestations in females are found to arise from primary breast neoplasms (2). In the face of greater life
expectancy for women with breast cancer, spinal metastases are an increasing source of morbidity which
negatively affects patients’ long-term quality of life. Burst fracture is one of the most difficult injuries of
the spine to successfully treat, in part because the exact mechanism by which the distraction forces are
transmitted to the intracanal fragments of the burst fracture have not been adequately investigated (3).
Fracture risk prediction has significant clinical importance, as prevention of fracture in high-risk patients
may be possible through medical prophylaxis, use of external bracing, or internal stabilization. While
improved imaging modalities allow clinicians to better determine the extent of bony metastases, assessing
the risk of neurologic compromise is guesswork at best. A better understanding of spinal canal risk may
permit some patients to avoid surgery altogether, an important goal in patients with limited life expectancy.
Guidelines are needed to permit clinicians to select appropriate patients for intervention before the
development of neurologic compromise. The purpose of our research is to quantify fracture risk in vertebral
bodies affected by metastatic breast cancer in order to develop a set of clinical guidelines for the
prophylactic treatment of patients with such metastases. We hypothesize that the use of poroelastic theory
in modeling will yield more realistic estimates of fracture prediction compared to values based on a linear
elastic model and that poroelastic properties of both bone and tumor tissue are necessary to understand the
mechanisms of vertebral body failure and adequately assess the risk of neurologic compromise. The
ultimate goal of this research is to use engineering analysis to develop clinical diagnostic and surgical
guidelines for prophylactic stabilization of metastatically involved vertebral bodies in order to prevent
paralysis and significantly improve the quality of life of patients with vertebral body metastases. The
following is a summary of our progress towards those goals.




BODY:

Technical Objective 1: Poroelastic properties of breast tumor tissue
Task 1: To determine the poroelastic properties of tumor tissue which has metastasized to bone.

Lytic tumor tissue specimens were taken from human bone and tested under a confined
compression uniaxial creep protocol. Specimens from 14 lytic tumors which had metastasized to bone
were harvested. These include specimens from breast (29%), lung (21%), multiple myeloma (14%) and
other cancers. Multiple specimens were tested for each tumor (with 3 exceptions due to small tumor size) to
determine the intra-specimen variability due to both the testing protocol and inhomogeneities within the
tumor. This resulted in a total of 27 specimens which underwent mechanical testing.

The mechanical behaviour of the tumor tissue was modeled using linear biphasic theory. The
outcome variables for each specimen were the aggregate compressive modulus (H,) and the hydraulic
permeability (k). To determine these linear biphasic material properties of the tumor tissue specimens, the
displacement vs time data was curve fit using a numerical minimization of least squares technique to the
solution for creep displacement. Applied loads were adjusted so as to meet the small strain behaviour
assumed in this theory.

Following testing, the histology of each tumor specimen was analyzed in conjunction with an
adjacent piece of untested tissue. The specimens were immersed in formalin and run through an H & E
stain. Visual inspection of the slides was used to determine the cellular vs. stromal content of the tissue
present in each specimen. The cellularity data was organized into four groups: 0-25% cells, 25-50% cells,
50-75% cells, and 75-100% cells. Standard analysis of variance procedures were performed to compare
specimen group means and to estimate the effect of the specimen variables (tumor type and cellularity) on
the measured parameters of interest (H, and k). A Fischer LSP test was used to determine differences
between groups where appropriate.

The aggregate modulus (H,) of the tumor tissue tested yielded a mean of 0.0034 MPa with a
standard deviation of 0.0016 MPa. The mean hydraulic permeability (k) of the specimens was 0.61 mm*/Ns
with a standard deviation of 0.44 mm*/Ns. The aggregate modulus of specimens with less than 50%
cellularity was 76 percent higher than the aggregate modulus of more cellular tumors (0.0051 MPa vs
0.0029 MPa, p<0.05). As well, tumors with lower cellularity were found to have higher hydraulic
permeabilities, although this result did not reach the level of statistical significance (<25% cellularity,
k=1.13 mm*Ns; >25% cellularity, k=0.54 mm*/Ns, p=0.066). No significant differences in aggregate
modulus or hydraulic permeability were found between tumors of different types.

Tumor tissue specimens with a higher stromal content were found to behave stiffer than more
cellular specimens (p<0.05). A higher percentage of stromal matrix increases the interconnectivity of the
tumor tissue yielding both a higher compressive aggregate modulus and lower hydraulic permeability than
more cellular specimens. No significant differences in mechanical properties were found between different
tumor types. This finding is not surprising considering the histologic variation seen between tumors of the

same type and even within different areas of individual specimens.
The values of H, and k reported here are consistent with those measured for other hydrated

tissues. For comparison, results from experimentation done on annulus fibrosus and cartilage have yielded
much stiffer and less permeable results (annulus: H,=0.12 MPa, k=0.013 mm*Ns; cartilage: H,=0.3 to 1.5
MPa, k=0.01to 0.001 mm*/Ns). The high fluid content of the tumors and the poor interconnectivity of the
solid matrix would support the low aggregate modulus and high permeability values measured for this
tissue.

Determination of tumor tissue material properties will enable the development of more accurate
models of the metastatically involved spine which may be better able to simulate the pattern of burst
fracture and clarify the risk of neurologic compromise. In addition, determination of the biphasic material
properties of lytic lesions also has importance in developing effective tumor-drug transport models. In
order for therapeutic agents to reach cancer cells, these large macromolecules must travel from the vessels
across the interstitial matrix of the tumor. Higher permeabilities found in more cellular tumors may
facilitate the transport of therapeutic agents to these metastases in comparison to tumors with higher
stromal contents. Heterogeneous neoplasms, which incorporate areas of high cellularity and regions
consisting mainly of stromal matrix may require sophisticated modeling to accurately gauge drug delivery

throughout the tumor.



Technical Objective 2: Poroelastic theory applied to metastatically involved vertebral body modeling
Task 2: To develop a poroelastic two-dimensional axis-symmetric finite element model of the vertebral
body and parametrically assess the effects of rate dependence on vertebral body strength and the
implications of poroelastic theory in the consideration of metastatic involvement in the model.

We developed a two-dimensional axisymmetric finite element mode! of a spinal motion segment
consisting of the first lumbar vertebral body and adjacent intervertebral disc (Figure 1). A finite element
mesh consisting of 493 elements was generated and analyzed using commercial software (PATRAN 5.0,
ABAQUS 5.6). The model was constructed to allow the inclusion of a centrally located tumor in the
vertebral body, representing a 25% or 50% defect of the trabecular bone by volume. The intact model (no
tumor included) was analyzed under a fully elastic configuration (both disc and vertebral body represented
with elastic material properties), with a poroelastic disc attached to a linear elastic vertebral body (with and
without restricted flow through the cartilaginous endplate), and as a fully poroelastic model. In the analyses
of the metastatically involved cases only poroelastic modeling was performed.

The model was loaded axially under a uniform pressure of 1 MPa applied though the midplane of
the intervertebral disc (which corresponds to a 1200N force, the compressive force on the lumbar spine for
an individual standing upright holding an 8.3 kg mass with outstretched arms (21)). The intact poroelastic
model was analyzed under a range of loading rates from 10,000 MPa/s (impact) to 4 MPa/s (slow walking).
In the mixed elastic/poroelastic runs a physiologic loading rate level of 100MPa/s was applied. In the
analyses of the metastatically involved cases poroelastic modeling was performed under loading rates of 10
MPa/s and 100MPa/s. We focused on trabecular bone failure and our outcome variables were: radial
displacement of the vertebral body midline as an indicator for spinal canal encroachment, endplate
deformation as a measure of endplate fracture, maximum strain indicating potential trabecular bone failure,
and pore pressure to determine the amount of load carried by the fluid phase in the poroelastic analyses.

In assessing the need for utilizing poroelastic modeling techniques in analyzing spinal motion
segments, it was found that the boundary conditions applied to the vertebral body endplate are dependent
on the constitutive assumptions of the intervertebral disc, and as such, affect the strain and displacement
results in the trabecular bone centrum. Greater disc deformation in the axial and radial directions in the
fully elastic model create different loading conditions applied to the cortical endplate of the vertebral body,
and thus different responses within the vertebral body itself. For analyses aimed at studying the responses
of the intervertebral disc alone, our results suggest it is reasonable to utilize a mixed model. However,
results for strains and displacements in the poroelastic vertebral body are not bounded by the mixed model
results. The inclusion of the fluid phase into the vertebral body resuits in a portion of the spinal load being
supported by the liquid, reducing the solid strains in the axial direction in the trabecular bone.
Concurrently, the incompressibility of the fluid phase causes expansion and higher strains to develop in the
radial direction within the vertebral body.

In examining the relative effects of tumor size, material properties and loading rate in the
assessment of metastatically involved vertebral bodies, increased tumor size was found to cause the greatest
increase in vertebral body displacements, strains and pore pressure. The location of maximum displacement
and pore pressures suggest a greater risk for endplate and radial vertebral body failure (ie. an increased
likelihood of vertebral burst fracture) as the size of defect increases. Greater maximum radial displacement
values and increased tensile hoop strains predicted at the transverse midline of the vertebral body may
potentially correspond to a catastrophic fracture pattern with bone and tumor encroachment into the spinal
canal in a three-dimensional model. Loading rate was found to have the second strongest effect on
metastatically involved vertebral body behavior. With inclusion of the poroelastic defect, increased loading
rate resulted in more load carried by the fluid phase within the centrum, accounting for the increased pore
pressures and lower axial compressive strains and displacements in the trabecular bone. Radial
displacement along the transverse midline increased at higher loading rates, indicating escalating risk of
potential neurologic compromise. These findings may indicate that the mechanism of burst fracture may
differ in intact versus metastatically involved vertebral bodies. The presence of a defect which produces
increased vertebral body pressurization and radial displacement may potentially allow a burst fracture
pattern to occur without an endplate fracture. Variation of tumor tissue material properties did not have a
large effect on the behavior of the trabecular bone centrum of the vertebral body, thus the primary site of
the lytic tumor may not be of major significance in assessing failure risk. Results of this simplified analysis
provide a justification for the use of more complex three-dimensional poroelastic models and demonstrate
the importance of tumor size and loading rate.




Task 3: To incorporate poroelasticity and metastatic defects into the three-dimensional vertebral body
model developed in the preliminary study.

We developed a three dimensional poroelastic finite element model of the first lumbar vertebra
and adjacent intervertebral discs, symmetric about the sagittal plane and incorporating anatomical vertebral
body curvature based on average values reported for L1 (1) (Figure 2a). The posterior arch was included in
the model, although no other posterior elements were modeled. The model was designed to include a
centrally located hemi-elliptical tumor occupying 15%, 30% or 45% of the trabecular bone centrum by
volume. The mesh consisted of 5668 elements (20-noded bricks) and was generated and analyzed using
commercial software (PATRAN 7.0; ABAQUS 5.7). The model was loaded in axial compression through
the midplane of the superior intervertebral disc. Pressure loading boundary conditions were applied
accompanied by multi point constraints to maintain the planarity of the superior disc midplane. The model
was focused to examine both the mechanism of failure in the metastatically involved spine and the
potential for neurologic deficit.

Technical Objective 3: Parametric analysis of burst fracture risk
Task 4: Apply a parametric analysis in the three-dimensional model to determine the sensitivity to the risk
of posterior vertebral body fracture and neurologic compromise of the varied configurations.

In analyzing our model we focused on the variation of six parameters: tumor size, applied load,
trabecular bone apparent density, loading rate, disc quality and pedicle involvement. In examining our
results, we concentrated on the behaviour of the trabecular bone centrum and cortical shell of the vertebral
body. As such, our outcome variables were: pore pressure generated in the vertebral centrum (POR), load
induced spinal canal narrowing (LICN), maximum hoop strains, and location of maximum radial
displacement.

Tumor size was varied in the model to encompass 0% (intact), 15%, 30% or 45% of the trabecular
bone volume. Results for the metastatically involved models loaded to ~800N at 16000 N/s were compared
to the intact model under the same loading configuration. Introduction of a 15% tumor into the spinal
motion segment model increased the LICN by over a factor of 2 and vertebral pore pressure by 46%. A
30% tumor, increased the LICN by 250% and caused a 116% increase in vertebral pore pressure. A 45%
tumor increased the LICN by 509% as compared to the intact model accompanied by a 198% increase in
pore pressure in the vertebral centrum. Similarly, larger tumor size caused marked increases in tensile hoop
strains at the midline of the anterior vertebral body wall; inclusion of a 45% tumor caused a 278% increase
in tensile hoop strain. Moreover, location of maximum radial displacement shifted from an area adjacent to
the endplate in the intact model to the midline of the posterior vertebral body wall in the metastatically
involved models.

An increase in the axial compressive load applied to the model of 50% increased the LICN by
approximately 60% in the intact, 15%, 30% and 45% tumor analyses. The percentage increase in pore
pressure generated by a 50% increase in load declined from 88% in the intact model to 49% in the model
with 45% tumor involvement.

The apparent density of the trabecular bone in the model was varied from 0.10 g/em® to 0. 17g/cm’.
This 70% increase in the apparent density of the trabecular bone, caused a 157% reduction in LICN and a
63% reduction in the tensile hoop strain in the 15% tumor model. Metastatic involvement of osteoporotic
trabecular bone yielded a higher burst fracture risk than denser bone under the same loading configuration.

Similar to results from the 2D axisymmetric model, the greatest effects on LICN, vertebral pore
pressures and tensile hoop strains occur from an increase in tumor size. The amount of metastatic
involvement of the vertebral body is the most important determinant of burst fracture risk. Increases in the
applied load were also found to increase the risk of burst fracture patterns in the metastatically involved
spine, thus patients’ weight and anticipated activity level will also be important factors for clinicians to
consider in determining a patients’ course of treatment. Increases in tensile hoop strains and canal
narrowing also have important implications for an increased risk of neurologic compromise in patients with
reduced vertebral bone densities. Clinically, our data suggest that bone mineral density may be an
important predictor of burst fracture risk and neurologic injury in patients with vertebral metastases. Failure
of the vertebra due to elevated tensile hoop strains would correspond to clinical patterns seen in the burst
fracture of metastatically involved vertebral bodies in which pieces of bone and tumor tissue may be
retropulsed into the spinal canal. Further analyses are being run to examine the effects of disc degeneration,



pedicle involvement and faster rates of loading. A limitation of this procedure is the length of time
(approximately 48 hours) required for a single run of the model, however all additional runs needed to
complete our parametric analyses should be completed within the next six weeks.

Task 5: Identify parameters which can be used as a basis for modeling validation of metastatically
involved vertebral bodies.

In order to validate the model, analyses were conducted under conditions which could be carried
out in the experimental testing. The intact and the 15% tumor model were loaded in axial compression with
a pressure of -0.62 or -0.93 MPa at a loading rate of 3200, 16000 or 32000 N/s. These loads approximate
the compressive force on the lumbar spine for an individual standing upright, holding a 3.8 kg or 8.3 kg
mass with outstretched arms (4) respectively. We considered three main outcome variables: the load
induced spinal canal narrowing (LICN), the hoop strain (g;) at the midline of the anterior vertebral body
wall and the pore pressure (POR) generated in the vertebral centrum. The results from these analyses are
compared to the experimental data in Task 7.

Technical Objective 4: CT scan models
Task 6: Develop a specimen-specific finite element model from a vertebral body CT scan to examine the

validity and applicability of the generalized poroelastic finite element model. Compare these results to
experimental data derived from axial compressive loading of the specimen in task 7.

A CT scan was taken of one of the spinal motion segments prior to experimental testing. From this
CT scan data a three-dimensional finite element mesh is in the midst of being constructed which will
incorporate variation in the material properties of the vertebral bone. Aggregate modulus and hydraulic
permeability values for each element is based on the bone density measurements from the CT scan.
Intervertebral discs will be attached to the vertebral model to provide appropriate loading conditions,
similar to the idealized model. The model will likewise be loaded in axial compression through the
midplane of the superior intervertebral disc to 0.62 MPa and 0.93 MPa. A second model with a defect
corresponding to the cored area removed in the experimental testing (Task 7) will be analyzed as well. This
specimen-specific model will focus on trabecular bone failure and the potential for neurologic deficit,
utilizing the same outcome variables as the idealized model: LICN, &,, €, and POR. The results from this
model will be compared to the idealized model and the experimental testing of the spinal motion segment.
This protocol will serve as a basis to determine whether patient specific finite element modeling can
provide significantly better prediction of the risk of burst fracture and neurologic compromise in the
metastatically involved spine as compared to the parameters determined via the idealized modeling.

Technical Objective 5: Validation through mechanical testing
Task 7: Rate-sensitive mechanical testing of metastatically involved vertebral bodies and healthy vertebral

bodies with incorporated defects containing tumor tissue properties to validate modeling results.

Fresh-frozen spinal motion segments were harvested from 12 cadaveric spines through the
midplane of the 12 thoracic and 2" lumbar vertebrae. Bone mineral densities were determined for all
specimens using DEXA in the lateral projection. The spinal motion segments were tested in axial
compression using a servo-hydraulic MTS machine (Figure 3). Specimens were put under a -100 N preload
followed by a load of -800 or -1200N applied to the specimen at a rate of 3200, 16000 or 32000 N/s.

Following testing of the intact specimen a defect was introduced into the trabecular centrum of L1
(Figure 2b). A 16 mm diameter hole was cored into the trabecular centrum through the lateral wall, without
breaking through the opposing cortex. The core was removed from the centrum and the defect filled with a
0.5% solution of agarose gel. This gel was formulated to mimic the average material properties of lytic
tumor in bone. The core was dissected to yield an end-cap of trabecular bone and cortical shell which was
reattached to the vertebral body using PMMA, filling all gaps for a tight seal. The defects occupied
approximately 15% of the trabecular bone centrum by volume. Biomechanical testing of the specimens
containing these defects was repeated as described above. Trabecular bone apparent densities were
determined from the bone cores removed. We measured, under each loading configuration, the same
outcome variables as described in Task 5: the load induced spinal canal narrowing (LICN), the hoop strain



(€p) at the midline of the anterior vertebral body wall and the pore pressure (POR) generated in the vertebral
centrum.

The experimental results demonstrated an increase in LICN from 64% to 400% (232+107%) when
a 15% tumor was included as compared to the intact specimens. This percentage change in LICN was
found to increase as bone mineral density decreased (Figure 2). Tensile hoop strains along the midline of
the anterior wall also increased with the inclusion of a tumor from 146% to 1067% (518%338%). This
percentage change in tensile hoop strain similarly increased with decreasing bone mineral density.

In comparing the intact and 15% tumor finite element models, our poroelastic finite element
model predicted a 104% increase in LICN with the inclusion of the tumor as compared to the intact model
with a trabecular bone apparent density of 0.10 g/cm’. When the trabecular bone apparent density was
increased to 0.17 g/cm® the model predicted an 83% increase in LICN. In comparing bone density to canal
narrowing, similar to the experimental results, lower bone density values predicted higher percentage
increases in canal narrowing with the inclusion of the vertebral defect.

A 70% increase in the apparent density of the trabecular bone, caused a 157% reduction in LICN
and a 63% reduction in the tensile hoop strain in the 15% tumor model. Similarly, in the experimental
testing of the metastatically involved specimens, a 70% increase in bone mineral density yielded a
reduction of 163% in LICN and a decrease of 217% in tensile hoop strain.

Inclusion of a metastatic defect into the vertebral body increases both narrowing of the spinal
canal and tensile hoop strains at the vertebral midline. Decreasing vertebral bone density was found to
increase the narrowing of the spinal canal and tensile hoop strains at the vertebral body midline in both the
model and experimental testing. Our idealized model was found to serve as a good predictor of both
changes in canal narrowing and tensile hoop strains as compared to our experimental data.

Technical Objective 6: Develop guidelines for prophylactic treatment of metastatically involved
vertebral bodies

Task 8: Generate a set of guidelines to permit clinicians to select appropriate patients with vertebral body
metastases for intervention before the development of neurologic compromise.

Ultimately the goal of this research is to develop parameters which can be used by clinicians to
quantify the risk of fracture and neurologic compromise in patients with vertebral body breast cancer
metastases. Through currently used imaging modalities, the size and location of a vertebral body tumor,
pedicle involvement, vertebral body size, bone density and disc quality can all be determined. Following
the completion of the parametric studies of our three-dimensional finite element model, our data will define
the variables that put patients at the greatest risk for burst fracture and neurologic compromise. This will
allow us to evaluate the risk of burst fracture and neurologic compromise under loads corresponding to
activities of daily living. A factor of safety will be determined based on these criteria and their
prioritization, which if below 1 will identify patients requiring clinical intervention. The identified
parameters will serve as a basis for clinical guidelines for prophylactic treatment of metastatically involved
vertebral bodies, using information available from CT scans and MRIs of individual patients. Our factor of
safety parameter will be compared to patient specific data obtained through Mount Zion cancer center in a
retrospective chart study to determine its potential clinical effectiveness. Prediction of which metastatic
breast cancer lesions in the spine pose the greatest potential for neurologic compromise in a patient will
provide a basis for appropriate clinical intervention.

Conclusion
I intend to complete the final stages of this project within the next 3 months, leading to my PhD in

Bioengineering. Following this, I plan to continue to investigate metastatic breast cancer in order to
develop an understanding of the mechanisms involved in the interaction between tumor and bone. I hope to
apply this understanding both to clinical applications for treating metastatic breast cancer and ultimately to
the prevention of the metastasis of breast cancer to bone. I have recently accepted a faculty research
position at the University of Toronto in the Division of Orthopaedic Surgery at Sunnybrook Hospital. 1
believe with the experience I have gained through this project in computer modeling, mechanical testing,
materials analysis and biomechanical theory applied to tumor tissue, following the completion of my
doctoral studies I will be well equipped to pursue independent research in the field of metastatic breast

cancer research.
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APPENDIX A: FIGURES
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Figure 1: 2D Axisymmetric Finite Element Model of a Metastatically Involved Spinal
Finite Element Model

Figure 2: (a) Xray of a Spinal Motion Segment with an Artificially Introduced Defect
(b) 3D Poroelastic Metastatically Involved Vertebral Body Finite Element Model with

adjacent intervertebral discs.

Figure 2: Experimental set-up for axial compressive testing of a Spinal Motion Segment
with an Artificially Introduced Defect
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Figure 3: Bone Mineral Density vs. % Change in Canal Narrowing between the Intact and
Metastatically Involved Vertebral Bodies — Experimental data.
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APPENDIX B: KEY RESEARCH ACCOMPLISHMENTS

e Developed an experimental protocol to analyze biphasic material properties of very soft hydrated
tissues.

e Determined the mechanical properties of lytic bone metastases.

e Our results showed a relationship between tumor cellularity and the material parameters aggregate
modulus and hydraulic permeability. Tumors with greater cellularity were found to demonstrate higher
hydraulic permeabilities and lower aggregate moduli than less cellular tumors.

o Demonstrated the importance of utilizing poroelasticity in modeling the metastatically involved spine.

e  Parametric analyses of the 2D axisymmetric finite element model have yielded the following results:

—  Faster loading rates were shown to indicate an increased likelihood for endplate failure in intact
vertebral bodies in concurrence with clinical observations.

—  Increased tumor size was found to cause the greatest increase in metastatically involved
vertebral body displacements, strains and pore pressure and suggests a greater risk for endplate
and radial vertebral body failure as the size of the defect increases.

- Higher loading rates applied to the metastatically involved models indicates an escalating risk of
a potential burst fracture pattern

—  Variation of tumor tissue material properties does not have a large effect in assessing failure risk.

e Constructed and validated a three-dimensional poroelastic finite element model of a metastatically
involved spinal motion segment.

o Inclusion of a metastatic defect into the vertebral body was shown to increase both narrowing of the
spinal canal and tensile hoop strains at the vertebral midline under axial compressive loading.
Inclusion of a tumor changed the location of maximum radial displacement on the vertebral cortex
from adjacent to the endplate to the posterior wall vertebral midline, which may correspond to a shift
from a compression fracture pattern to a burst fracture pattern.

e Tumor size is the most important factor in determining the risk of burst fracture and potential for
neurologic deficit in the metastatically involved spine.

e A decrease in vertebral bone density was found to increase the narrowing of the spinal canal and
tensile hoop strains at the vertebral body midline. This suggests that bone mineral density may be one
important predictor of burst fracture risk and neurologic injury in patients with vertebral metastases.

e Higher rates of loading were shown to increase the pore pressure generated in the vertebral centrum
corresponding to an elevated risk of burst fracture.

e The application of higher loads to the spine increased both vertebral pore pressures, tensile hoop
strains, and spinal canal narrowing, thus a patient’s weight and activity level are important
considerations in estimating burst fracture risk.

e The posterior arch provides support to the posterior wall of the vertebral body. Metastatic involvement
of the pedicle can compromise the posterior arch causing increases in both maximum strains and radial
displacement of the posterior vertebral body wall (5).

e Determined that the mechanism of fracture in the metastatically involved spine is due to pressurization
of the vertebral body and elevated tensile hoop strains. This would correspond to burst fracture patterns
seen clinically with a risk of neurologic compromise due to retropulsion of bone and tumor into the

spinal canal.
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B Effect of the Pedicle and Posterior Arch
on Vertebral Body Strength Predictions in
Finite Element Modeling
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Study Design. A finite element study to predict the
contribution of the pedicles and the posterior arch to
vertebral body strength.

Objective. To determine the effect of the pedicle and
posterior arch on strain distributions occurring within
the vertebral body under axial compressive loading.

Summary of Background Data. Posterior vertebral
body fracture can arise from high-impact or normal
loading in bones compromised by osteoporosis or neo-
plasm and can result in spinal canal encroachment. An-
atomically, the pedicles and posterior arch have a po-
tential role as a structural buttress to the posterior
vertebral body wall. However, most finite element mod-
els used to investigate vertebral body strength have ne-
glected these structures.

Methods. Three 3-dimensional finite element models
were developed of L1, incorporating anatomic curva-
ture, with varying degrees of posterior element inclu-
sion (no pedicle, pedicle, and pedicle and posterior
arch). Three cases were analyzed with each model: 256%
dehydrated disc, normal healthy disc, and uniform pres-
sure loading. Qutcome variables were the maximum
von Mises strains and the displacement of the posterior
wall into the spinal canal. )

Results. Inclusion of the posterior arch resulted in
substantial decreases in maximum strain and posterior
wall displacement under all loading configurations us-
ing transversely isotropic trabecular bone properties.
No changes in maximum strains or displacements were
recorded in the pedicle model, compared with that ob-
served in the no-pedicle baseline case.

Conclusions. The pedicle functions as a structural
buttress, providing support to the posterior wall of the
vertebral body when constrained through the posterior
arch. To yield more accurate vertebral body strength
predictions from finite element modeling, the posterior
arch should be included. [Key words: finite element
analysis, pedicle, posterior arch, strength predictions,
vertebral body] Spine 1998;23:899-907
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The incidence of vertebral body fracture in the United
States is estimated to be more than 500,000 per an-
num.?° This rate is expected to increase as the population
continues to age and osteoporosis becomes more preva-
lent. Fracture prediction has significant clinical impor-
tance, in that prevention of fracture in high risk patients
is often possible through prophylactic intervention, by
external bracing or by internal stabilization.**'*> Methods
of vertebral body strength prediction developed by bio-
mechanical testing and mathematical models can be used
to assess vulnerable areas in the vertebral body and may
in the future be used to form clinical guidelines for inter-
vention.

Although most vertebral body fractures occur anteri-
orly, posterior vertebral body (burst) fractures can be
caused by high-impact loading or normal loading in
bones compromised by neoplasm. Because of the prox-
imity to the spinal cord and nerve roots, posterior body
fracture can cause bone or tumor to encroach on the
spinal canal, resulting in potentially irreversible neuro-
logic injury. Symptoms may include paralysis, loss of
sensation, and loss of bowel and bladder function and
may result in a significant decline in quality of life. There
are approximately 18,000 new cases of metastatic in-
volvement of the vertebral body per year in the United
States, often resulting in vertebral instability." From 5%
to 10% of cancer patients have spinal metastases result-
ing in neurologic manifestations.* Longer survival times
for patients with metastatic cancer have increased the
incidence of pathologic fracture.

Anatomically, the pedicles have a potential role as a
structural buttress, providing support through their at-
tachment to the posterior wall of the vertebral body.
Pedicle erosion is present in approximately 75% of pa-
tients requiring surgical decompression for symptomatic
spinal metastases and may be the first radiographic sign
of spinal instability.?® Destruction of one or both
pedicles on a vertebral body is seen clinically to increase
the likelihood of neurologic compromise, implying that
the status of the pedicles may be important in assessing
burst fracture risk. However, most finite element models
used to investigate vertebral body strength neglect this
structure. 52425 As a result, the roles of the pedicles and
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Figure 1. Finite element model of

the first lumbar vertebra: a, no-

pedicle model; b, full vertebral Y
body representation of the pedi-
cle segment model (generated
with sagittal symmetry from the \
half vertebral body model used in -
the analyses);, ¢, symmetric

model with the inclusion of the

posterior arch.

the posterior arch in vertebral body strength have not yet

been determined analytically. The objective of the cur-.

rent study is to use finite element modeling to determine
the effect of the pedicle and posterior arch on the strain
distributions occurring within the vertebral body under
axial compressive loading.

® Methods

A three-dimensional finite element model of a lumbar vertebra
was developed that was symmetric in the sagittal plane and
incorporated anatomic vertebral body curvature based on av-
erage values reported for L1.2 Asymmetry of the vertebral body
was represented in both the anteroposterior and inferosuperior
directions, although the biconcavity of the endplates was not
included. In the horizontal plane, the posterior vertebral body
was modeled as concave, representing the anterior wall of the
spinal canal (Figure 1A).

The mesh consisted of 4200 elements (8-noded bricks and
6-noded wedges) and was gererated and analyzed using com-
mercial software (PATRAN 5.0, PDA Engineering, Costa
Mesa, CA; and ABAQUS 5.5, HBK Inc., Pawtucket, RI). A
second model was generated that was identical to the first with
the exception that a pedicle segment was included (Figure 1B).
The pedicle was modeled as elliptical to a distance of 3.5 mm
and attached with a 1.5-mm radius of curvature to the poste-
rior vertebral body.>*® The cortical thickness of the pedicle
was taken as 30% of the major dimension and 40% of the
minor dimension.’® There were no boundary conditions im-
posed on the free end of the pedicle. A third model extended the
pedicle segment to form the posterior arch and incorporated
boundary conditions of sagittal symmetry? (Figure 1C). No
other posterior structures were modeled. No convergence study
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was performed on the model, because the degree of mesh re-
finement used has been demonstrated to be adequate in previ-
ous similarly sized models.?*

All materials were assumed linearly elastic and homoge-
neous and designed to represent a middle-aged vertebral body
(approximately 60) years old).?” The cortical shell of the ver-
tebral body and cortical shell of the pedicle were modeled iso-
tropically with elastic moduli of 5,000 MPa and 12,000 MPa
respectively. The cortical endplate was modeled isotropically
with an elastic modulus of 1,000 MPa. The trabecular bone of
the centrum was modeled as transversely isotropic (at every
point in the material the mechanical properties in the horizon-
tal plane are equal in all directions), with an elastic modulus of
60 MPa in the inferosuperior direction and one third that value
(20 MPa) in the transverse direction.!” The shear modulus in
the inferosuperior direction was taken as 15.4 MPa, twice the
value in the transverse plane (7.7 MPa).** Analyses were also
performed modeling the trabecular bone as isotropic with an
elastic modulus of 60 MPa. The Poisson’s ratio (a measure of
lateral strain relative to axial strain) was assumed to be 0.3 for
all bone (v = vy, = v;3 = v,3 = 0.3). Additional runs were
performed using a reduced Poisson’s ratio of 0.1 for the trabec-
ular bone (with isotropic and transversely isotropic properties)
to determine the effect of Poisson’s ratio on the contribution of
the pedicle. Values of the Poisson’s ratio greater than 0.3 were
not considered, because the resulting combinations of material
constants violated basic thermodynamic constraints. In the
model without the pedicle, the cortical shell covered the pedicle
attachment sites, a similar configuration to other previous finite
element models.’****

To examine how varied loading configurations may alter
the effect of the pedicle and posterior arch, the model was
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sus (P1), a mid area adjacent to
the anulus fibrosis (P2}, and an
outer ring corresponding to a re-
gion occupied by the cortical
shell (P3).
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axially loaded using three boundary conditions: 1) a uniform
pressure loading of 1.24 MPa; 2) a pressure loading of the same
magnitude applied as if through a normal healthy disc'®; and 3)
a pressure loading representing a 25% dehydrated disc’® (Fig-
ure 2). These correspond to a 1600-N force applied to the
whole vertebral body and approximate the compressive force
on the lumbar spine for an person standing upright, holding a
13-kg mass with outstretched arms.?! The inferior and superior
vertebral body surfaces were divided into three regions of pres-
sure loading: an inner region under the nucleus pulposus (P1),

a mid area adjacent to the anulus fibrosis (P2), and an outer- .

ring corresponding to a region occupied by the cortical shell
(P3). For the healthy disc, the pressure on the inner region was
almost twice that on the region adjacent to the anulus (P1 = 1.7
MPa; P2 = 0.9 MPa; and P3 = 2.6 MPa). For the dehydrated
disc, increased pressure was shifted toward the periphery with
higher pressure loading in the regions adjacent to the anulus
and the cortical shell (P1 = 0.8 MPa; P2 = 1.3 MPa;and P3 =
4.3 MPa). The uniform pressure loading was applied to the
model (P1 = P2 = P3 = 1.24 MPa) for two separate cases: first
using transversely isotropic properties to model the trabecular
bone, as was done for the other loading configurations, and
then adjusting the model to include only isotropic trabecular
bone properties. Pressure loading on the inferior endplate was
adjusted proportionally to the same absolute magnitude ap-
plied to the superior endplate to ensure static equilibrium.
Overall, four cases were analyzed in each of the no-pedicle,
pedicle, and posterior arch models: 1) 25% dehydrated disc
loading, 2) normal healthy disc loading, 3) uniform pressure
loading (with transversely isotropic trabecular bone proper-
ties), and 4) uniform pressure loading (with isotropic trabecu-
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lar bone properties). As well, the no-pedicle model was run
with isotropic trabecular bone properties under the 25% dehy-
drated and normal healthy disc loading configurations. Under
uniform pressure loading, trials were run with a reduced tra-
becular bone Poisson’s ratio with isotropic and transversely
isotropic properties. Qutcome variables were the magnitude of
the maximum von Mises strain and the displacement of the
posterior wall toward the center of the spinal canal. Locations
of maximum strains were also identified, visualized on the sag-
ittal plane corresponding to the axis of symmetry, and verified
by considering transverse and vertical slices through the model
at the midlines of the pedicle attachment sites.

B Results

Including the posterior arch decreased the peak von
Mises strains within the vertebral body by approxi-
mately 33% from the baseline case (no-pedicle) in all
three loading conditions (degenerated disc, 26 %; normal
disc, 24%; and uniform pressure, 33%; Table 1A). Con-
comitant with this was a shift in the location of peak
strain from near the posterior vertebral body wall to-
ward the vertebral centrum (Figure 3). The intact poste-
rior arch also reduced the rearward deformation of the
posterior body wall (degenerated disc, 26%; normal
disc, 44%; uniform pressure, 43%; Table 1B; Figure 4).
Including the pedicle (without the posterior arch) had no
significant effect on either the peak strains or posterior
vertebral body displacements.

Table 1. Maximum von Mises Strains in the Vertebral Body for Each Model Comparing Results With Transversely
Isotropic Versus Isotropic Trabecular Bone Properties and Percent Change in Strain From the Posterior Arch to the

No-Pedicle Baseline Case

25% Dehydrated Disc

Healthy Disc Uniform Pressure

Transversely

Transversely

Transversely

Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic
No-pedicle 0.0233 0.0240 0.0358 0.0324 0.0273 0.0251
Pedicle segment 0.0232 0.0358 0.0274 0.0253
Posterior arch 0.0185 0.0288 0.0205 0.0241
24 33 4%

% change 26
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Figure 3. Von Mises strain distributions: a, 25% dehydrated disc
{transversely isotropic trabecular bone) with the posterior arch
and without the pedicle; b, normal healthy disc (transversely
isotropic trabecular bone) with the posterior arch and without the
pedicle. Including the posterior arch caused a decrease in the
peak von Mises strain by 26% in the 25% dehydrated disc case
and by 24% in the normal healthy disc case.

When the trabecular bone was represented as isotro-
pic (as opposed to transversely isotropic), the peak von
Mises strains were minimally affected in the no-pedicle
and pedicle models (degenerated disc, +3%; normal
disc, —10%; uniform pressure, —9%; Table 1A),
whereas the posterior vertebral body wall displacements
decreased by between 130% and 170% (Table 1B).
When the posterior arch was included and uniform pres-
sure applied, the isotropy assumption had a moderate
effect on the peak strains (—15%; Table 1A), accompa-
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Figure 4. Displacement (mm) of the vertebral body in the posterior
{y) direction {toward the center of the spinal canal) for the 25%
dehydrated disc loading configuration with the posterior arch (left)
and without the pedicle (right) {magnification, X1). The model!
without the pedicle demonstrates a 34% greater displacement into
the spinal canal.

nied by a large reduction in posterior wall displacement
(123%: Table 1B).

The magnitude of the peak von Mises strain and pos-
terior vertebral body wall displacement declined with the
reduction of the Poisson’s ratio from 0.3 to 0.1 (Table 2),
whereas the strain pattern remained largely unchanged.
With this reduction in the Poisson’s ratio, inclusion of
the posterior arch caused a slight (4%) reduction in the
peak strain when transverse isotropy was assumed, and
no change when isotropy was assumed (Table 2). Also,
when the Poisson’s ratio was decreased under uniform
pressure loading, the posterior wall displacement de-
clined by 40% and 23% for the transversely isotropic
and isotropic cases, respectively (Table 2).

In the pedicle model, the displacement of the free end
of the pedicle was between 0.14 and 0.21 mm in the
lateral direction (Figure 5). With the assumption of tra-
becular bone isotropy, this displacement was reduced to
0.8 mm.

B Discussion

The study was designed to determine the influence of the
pedicle and posterior arch on vertebral body strain dis-
tributions under axial compressive loading. Inclusion of
the posterior arch resulted in significant changes in three
outcome variables. First, a decrease was noted in the
peak von Mises strains of between 24% and 33% from
the baseline no-pedicle case. Second, addition of the pos-
terior arch shifted the location of maximum von Mises
strain away from the posterior vertebral body wall and
toward the vertebral centrum. Third, the displacement of
the posterior vertebral body toward the spinal canal was
reduced by between 34% and 44%, depending on the
assumptions regarding the intervertebral disc. The great-
est effect was demonstrated with the trabecular bone rep-
resented as transversely isotropic with a Poisson’s ratio
of 0.3 (Table 3).

These structural consequences for the vertebral body
are related to constraints on the displacement of the pedi-
cle created by the posterior arch. When the pedicle only
was modeled, no significant changes in vertebral body
strain were noted when compared with the baseline case,
which suggests that the mere presence of the pedicle on
the posterior vertebral body wall does not affect verte-
bral body strains significantry. Importantly, the pedicle
model demonstrated that, in response to vertebral body
compression, the pedicle has a natural tendency to dis-
place laterally. When the posterior arch is included, this
displacement is constrained, which results in a bending
moment in the horizontal plane, generated in the poste-
rior vertebral body wall (Figure 6). This bending mo-
ment, in turn, causes a decrease in the posterior displace-
ment of the vertebral body cortex adjacent to the spinal
canal.

The magnitude of the influence of the posterior arch is
dependent on material property assumptions for the ver-
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Table 2. Displacements of the Posterior Wall (mm) Toward the Spinal Canal

25% Dehydrated Disc

Transversely

Healthy Disc Uniform Pressure

Transversely Transversely

Isotropic Isotropic Isotropic Isotropic Isotropic Isotropic
No-pedicle 0.23 0.098 0.32 0.12 0.28 0.1
Pedicle segment 0.23 0.32 0.28 o
Posterior arch 0.17 0.23 0.20 0.087
% change* 34 a4 43 21%

* The reduction of posterior displacement found with inclusion of the posterior arch.

tebral body trabecular bone. Given the primary mecha-
nism by which the arch appears to affect posterior cortex
displacement— constraining lateral displacement of the
pedicle —factors that decrease the tendency for the pedi-
cle to move laterally, will diminish the influence of the
arch. As would be expected, when the stiffness in the
transverse plane is increased by imposing isotropy (from
20 MPa to 60 MPa), the transverse strains, and thus
posterior vertebral body wall displacement, are de-
creased by between 20% and 60%. Accordingly, the
posterior arch had a diminished effect on the peak verte-
bral body strain when trabecular bone was modeled as
isotropic (5% versus 22%). However, inclusion of the
posterior arch continued to have a significant effect on
the displacement of the posterior vertebral body wall (a
20% decrease when the arch is included). Similarly,
when the Poisson’s ratio was decreased (from 0.3 to 0.1),
the strains in the transverse plane, and therefore the con-
tribution of the arch, were further reduced. Thus, the
effect of the arch on vertebral body strains and posterior
cortex displacement was minimized under the conditions
of isotropy and a Poisson’s ratio of 0.1 (17% decrease in
displacement, compared with that in the no-pedicle case)
and maximized under the assumption of transverse isot-
ropy and a Poisson’s ratio of 0.3 (29% decrease, com-
pared with that in the no-pedicle case).

According to these results, the structural significance
of the posterior arch is patient-specific. Although even in
healthy people vertebral body trabecular bone is not iso-
tropic, there is evidence that this anisotropy increases

with aging.'® Therefore, the current data imply that be-
cause preferential bone loss leads to a diminished stiff-
ness in the transverse plane with aging, the importance of
the posterior arch toward supporting the posterior ver-
tebral wall will be amplified. By extension, it is expected
that when the vertebral body is affected by tumor, the
posterior arch has even greater significance in protecting
the posterior vertebral body and in preventing spinal
canal encroachment. However, age-related loss of tra-
becular interconnectivity may correspond to representa-
tion of the trabecular bone with a lower Poisson’s ratio,
reducing the role of posterior arch support.

A number of previously reported vertebral body finite
element models used for fracture risk estimation have
not incorporated the anatomic curvature of the vertebral
body.!5**%5 In both axis-symmetric and elliptical mod-
els, pure axial compressive loading and exclusion of the
pedicle yields symmetric stress-strain patterns. When us-
ing anatomic vertebral body curvature, the endplate cen-
troid is closer to the posterior vertebral body wall, com-
pared with its location in axis-symmetric and elliptical
models (Figure 7), resulting in an asymmetric stress—
strain distribution as seen in the current model. The pos-
terior location of the center of applied pressure in the
anatomic case corresponds to the location of the region
of maximum strain seen in the no-pedicle model under
uniform pressure loading. This result demonstrates that
the magnitude and location of peak strains are also de-
pendent on vertebral body shape. The peak strain pat-
terns found using isotropic trabecular bone properties

Table 3. Effect of Variations in Trabecular Bone Properties Under Uniform Pressure Loading Comparing Peak von
Mises Strain Magnitudes (%) and Locations and the Posterior Vertebral Body Wall Displacement (mm) for Isotropic

and Transversely Isotropic Representations of Trabecular
and Posterior Arch Vertebral Body Models

Bone With Poisson’s Ratios of 0.3 and 0.1 in the No-Pedicle

Peak von Mises
Strain Magnitude

Posterior Wall
Displacement (mm)

Peak von Mises
Strain Location

Isotropic v=103
No-pedicle v =01
Isotropic v=103
Posterior arch v =101
Transversely isotropic Vig = by = vy = 03
No-pedicle Vig = ¥y = vy = 01
Transversely isotropic Vi = 13 = iy = 03
Posterior arch Vig = py3 = vy = 01

on

0.0251 Central (sup-post)

0.0244 Central (sup-post) 0.035
0.0241 Central {sup-post) 0.088
0.0240 Central (sup-post) 0.029
0.0273 Posterior—central 0.28
0.0271 Central (sup-post) 0.096
0.0205 Central (posterior shift) 0.20
0.0261 Central (sup-post) 0.069




Figure 5. Displacement of the
pedicle segments (mm) in the lat-
eral (x) direction for the 25% de-
hydrated disc loading configura-
tion in the posterior arch {left)
and pedicle segment {right) mod-
els (magnification, X1). The lat-
eral displacement of the pedicle
segment end is reduced from
0.14 mm to 0.03 mm with the in- -

clusion of the posterior arch. 77

were centrally located and relatively symmetric, com-
pared with patterns observed in cases using transverse
isotropy. The anatomic vertebral body curvature has less
of an effect on peak strains in the vertebral body when
isotropic trabecular bone properties are modeled, yet still
higher concentrations of strain are observed at the supe-
rior—posterior region of the sagittal plane, compared
with strain values found in the other corners.

Another approach for assessing the contribution of
the pedicle-toward-vertebral-body strength is through
mechanical testing.l"“ls 23,26 N{cGowan et al'* and Silva
et al?® tested isolated vertebral body specimens under

Figure 6. Axial compressive loading causes lateral displacement
of the pedicle when no arch is modeled (left). The gray outlines
represent the undeformed mesh and the black outlines the borders
of the models under axial compressive loading. Displacement is
seen as the difference between the outlines {magnification, x5).
The moment acting on the pedicle related to the constraints
imposed by the posterior arch causes both a decrease in posterior
wall displacement and lateral motion of the pedicle (right). This
results in an overall reduction of von Mises strains in the vertebral
body under axial compressive loading.

=

combined axial and flexion loads applied directly to the
vertebral bodies through load platens parallel to the end-
plates. In both studies, the same protocol was used in
comparing intact vertebral body strength with the
strength of vertebral bodies with simulated metastatic
defects. In these studies, fractures resulted at the anteri-
or-superior endplate with evidence of collapse of the
anterior vertebral body wall. In no case was the posterior
vertebral body wall displaced into the canal, even in the
vertebrae with defects. Silva et al?® considered the effects
of pedicle disruption on their loading configuration and
reported that the absence of the pedicles (compared with
specimens with an intact posterior arch) did not influ-
ence the strength of the vertebral bodies. However, pos-
terior vertebral body fractures were not produced using
their protocol, which may be because of the boundary
conditions used. Given the current results, it is expected
that the influence of the pedicle would become apparent
experimentally in specimens loaded in pure compression
through intact intervertebral discs.

Burst fractures have been suggested to be caused by
entry of the nucleus pulposus into the vertebral body
through an endplate fracture, causing the body to pres-
surize and, ultimately, to burst.” Shirado et al*? investi-
gated the influence of disc degeneration on the mecha-
nism of thoracolumbar burst fractures. Static axial
compression of 11 motion segments (vertebra—disc—
vertebra) resulted in seven typical burst fractures, with
disruption of the middle endplate and herniation of the
disc into the vertebral body. The endplate disruptions
were located at the center or center posterior portions in
all burst fractures, in segments with healthy and slightly
degenerated discs. No burst fractures were seen in the
specimens with severely degenerated discs. To confirm
the stress state resulting in these burst fracture patterns,
Shirado et al** also developed a two-dimensional finite
element model of the motion segment (neglecting the
posterior elements). With a healthy disc under axial com-
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Figure 7. Centroids of the ana-
tomic and elliptical vertebral
body cross-sections. In the ana-
tomic cross-section, the centroid
is 26% closer to the posterior
vertebral body wall than in the
elliptical section.

pression, the highest stresses in the vertebral body were
recorded in the center of the endplate, on the posterior
wall, as well as in the trabecular bone under the nucleus
pulposus. With a severely degenerated disc, the highest
stresses occurred at the posterior cortex. These experi-
mental data and the finite element model agree well with
the current findings: The areas of maximum von Mises
strain in this mode! (without the pedicle) correspond to
the areas of maximum stress observed in their two-di-
mensional analysis. The current data, however, are de-
scribed in terms of strain, rather than stress, to reduce the
confounding effects of large variations in modulus in the
description of failure properties of trabecular bone.”

The current results are limited by the use of linear
elastic and homogeneous material properties. These as-
sumptions reduce the complexity of the analysis but do
not replicate the nonlinear postyield behavior of the ver-
tebral body’s trabecular bone.!! However, loads were
applied consistent with physiologic loading conditions in
which overt failure is not expected to occur. Despite this,
the results may potentially be extrapolated to investigate
failure behavior, in that linear models have been success-
fully used previously to predict fracture of the proximal
femur, which is also largely composed of trabecular
bone.!! As well, the rate of loading has been shown to
have only very minor effects on the mechanical proper-
ties of trabecular bone under normal physiologic loading
conditions,? and as such should not have a dramatic ef-
fect on the conclusions reached in the current models.
Because of these idealizations however, the current re-
sults were used solely to make relative comparisons
among the posterior arch, pedicle segment, and no-
pedicle cases; and as such, the absolute value of the strain
predictions may not have direct clinical relevance.

A further idealization in this model is the representa-
tion of the posterior arch as an extension of the pedicle,
resulting in a constant cross-sectional area of the arch
equal to that of the pedicle, which, at points, is larger
than the actual anatomic cross-sectional area of the arch.
Although this could exaggerate the effect of the posterior
arch’s constraint on the vertebral body, the anatomic
representation of the posterior elements not included in
this model (transverse and spinous processes) may com-
pensate for this increased cross-sectional area.

0.74 1

A burst fracture is defined as the failure of the poste-
rior wall of the vertebral body, usually resulting in some
compromise of the spinal canal. In normal vertebral bod-
ies, burst fractures may result from high-impact axial
compressive loading, such as falls from heights and mo-
tor vehicle accidents. When pathologic processes affect
the spinal column, posterior failure can occur with much
reduced or even trivial loading. Older patient popula-
tions are more likely to be affected by such pathologic
processes as disc degeneration, osteoporosis, or meta-
static tumor involvement, which will increase the risk of
vertebral body instability. In that pedicle erosion related
to tumor involvement is present in approximately 75%
of patients requiring surgical decompression for spinal
metastases,’” the current results may have particular

clinical relevance to the occurrence of fracture of meta-

statically involved vertebral bodies in which one or both
pedicles have been eroded by tumor. In addition, follow-
ing a laminectomy, the posterior arch may be compro-
mised, removing the sagittal constraint on the pedicle. As
seen in the pedicle segment model, this compromise of
the posterior arch causes an increase in both maximum
von Mises strains and the displacement of the posterior
vertebral body wall into the spinal canal. Although lam-
inectomies are avoided where possible in patients with
vertebral body lesions because of resultant increased in-
stability and kyphosis, the increase in peak von Mises
strains and further encroachment into the spinal canal
caused by the disruption of the posterior arch may sug-
gest an additional rationale for avoiding this procedure
in such patients.

It is important to note that results based on the inclu-
sion or lack of the pedicle in this model do not have a
direct clinical correlation to the presence or absence of a
pedicle in vivo; however, according to the current results,
surgical procedures or pathologic processes that com-
promise the continuity of the posterior arch can signifi-
cantly alter vertebral column strength. Finite element
modeling, such as that carried out in this study, uses an
idealized representation of a vertebral body, and thus
specific results (predictions of strains and stresses) may
not be generalizable to actual clinical cases. Rather, the
strength of this approach lies in the use of such idealized
models to isolate cause-effect correlations and to filter
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out inherent variability found in experimental testing.® A
further step toward clinical relevance would require ex-
perimental validation of the finite element vertebral body
model, with and without the pedicles and the posterior
arch.

In summary, in the current results, the posterior arch
is shown to constrain the vertebral body, and therefore
to decrease posterior vertebral body strain and cortex
displacement. However, the extent of this influence is
dependent on the material properties of the vertebral
body and therefore may vary from patient to patient,
depending on their bone and intervertebral disc quality.
Additional studies are needed to verify these results ex-
perimentally and to investigate the influence of the pos-
terior arch under a broader range of assumptions regard-
ing vertebral body loading and trabecular bone quality.
For instance, in the results presented here, it is suggested
that when the vertebral body is compromised by a tu-
mor, the presence of the posterior arch can be a substan-
tial factor in preventing displacement of bone into the
spinal canal. These observations, if proved true, should

affect clinical decisions regarding the optimal surgical -

treatment of patients with metastatic involvement of the
spine.

It is probably equally important to consider the forces
transmitted into the posterior arch through the facet
joints.® Although in the current results the stabilizing
influence of the posterior arch is highlighted, large facet
forces may induce significant strains in the posterior ver-
tebral body. Thus, in addition to the vertebral body it-
self, the posterior arch and the forces transmitted
through it should also be considered when a comprehen-
sive technique for the prediction of vertebral body frac-
ture is developed.

Despite these uncertainties, it is apparent from these
results that the posterior arch should be included in finite
element models developed for predicting vertebral body
strength, particularly when burst fractures are of inter-
est. To the extent that these theoretical results can be
generalized to the clinical situation, clarification of the
mechanism ‘of interaction between the vertebral body
and posterior arch will lead to improved decision making
in the assessment and management of patients who have
compromised spinal integrity.
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THE EFFECT OF TUMOR SIZE, MATERIAL PROPERTIES AND LOADING RATE ON THE COMPRESSIVE
RESPONSE OF METASTATICALLY INVOLVED VERTEBRAL BODIES.
Whyne CM, Hu SS, Lotz JC. Orthopaedic Bioengineering Laboratory, Department of Orthopaedic Surgery,
University of California at San Francisco. UC Berkeley / UC San Francisco Graduate Group in Bioengineering.

Introduction: The vertebral column is the most frequent site of metastatic involvement of the skeleton, with up to
1/3 of all cancer patients developing metastases in the spinal column. Posterior vertebral body (burst) fracture can
occur due to high impact loading or normal loading in metastatically compromised bones, resulting in significant
clinical consequences including paralysis. While current medical imaging techniques are able to provide information
on tumor size, location and progression, no objective criteria exists by which these data may be used to estimate risk
of fracture and neurologic compromise. Further, the mechanism of collapse of the metastatically involved spine.and
correlations between the extent of tumor involvement and vertebral body collapse have not been fully understood.
The objective of our study is to use a two-dimensional poroelastic axisymmetric finite element model to determine
the effects of tumor size, material properties and loading rate in the assessment of burst fracture risk in metastatically
involved vertebral bodies.

Methods: We developed a two-dimensional poroelastic axisymmetric finite element model of a spinal motion
segment consisting of the first lumbar vertebral body and adjacent intervertebral disc. A finite element mesh
consisting of 493 elements (8-noded quads and rebars) was gencrated and analyzed using commercial software
(PATRAN 5.0, ABAQUS 5.6). The model was constructed to allow the inclusion of a centrally located tumor in the
vertebral body, representing a 25% or 50% defect of the trabecular bone by volume. The vertebral body was
composed of a cortical shell and endplate modeled isotropically and a transversely isotropic trabecular bone centrum,
with properties chosen to represent a healthy young spine. The intervertebral disc consisted of cartilaginous endplate,
nucleus pulposus and annulus fibrosus. The tumor tissue was modeled as a poroelastic isotropic material with the
aggregate modulus and hydraulic permeability varied to represent a spectrum of material properties found in Iytic
lesions (Hx = 0.01 to 0.25 MPa, k = 5.0E-6 to 5.0E-5 m/s). The model was loaded axially under a uniform pressure
of 1 MPa applied though the midplane of the intervertebral disc. Physiologic loading rates of 10 MPa/s and
100MPa/s were used. Focusing on the trabecular bone, our outcome variables were: displacement (to assess spinal
canal encroachment and risk of endplate fracture), strain (indicating trabecular bone failure), and pore pressure (to
determine the amount of load carried by the fluid phase).

Results: Tumor size had the greatest effect on vertebral body displacement, strain and pore pressure. Increasing
tumor size from 25 to 50% yielded a 40% increase in maximum radial displacement, a 40% increase in tensile hoop
and radial strains located at the axis of symmetry along the bone tumor interface, and a 130% increase in the
compressive strain under the center of the endplate. Maximum trabecular bone displacement in the radial direction
shifted from an area adjacent to the outer endplate in the intact vertebral body to the transverse midline when a defect
was incorporated. Pore pressure in the trabecular bone increased by 160% and 280% respectively with the inclusion of
25% and 50% tumors into the vertebral body model as compared to the no tumor case. With a 10 fold reduction in
loading rate, maximum endplate displacement and axial compressive strains were increased by 5 to 13% in the
pathologic models. At the same time, maximum pore pressures in the vertebral body were reduced by 8% and were
accompanied by a smaller overall pore pressure gradient and a slight (3%) reduction in radial displacement of the
transverse midline. A 10 fold increase in tumor tissue permeability was found to have no effect on the results.
However, a 25 fold increase in tumor aggregate modulus in the 50% defect model did result in small reductions in
vertebral body strain (2 to 6%), displacement (0.5 to 3%) and pore pressure (2%). .

Discussion: Increased tumor size was found to cause the greatest increase in vertebral body displacements, strains
and pore pressure. As the size of defect increases, the location of maximum displacement and pore pressures would
suggest a greater risk for endplate and radial vertebral body failure, indicating an increased likelihood of vertebral burst
fracture. In contrast, the location of maximum strains in the healthy vertebral body indicates a higher likelihood of a
compression fracture pattern rather than endplate or radial fracture. Greater maximum radial displacement values found
at the transverse midline of the metastatically involved vertebral bodies may potentially cormrespond to bone
encroachment into the spinal canal in a three-dimensional model. Loading rate was found to have the second strongest
effect on vertebral body behavior. As loading rate was reduced, less load was carried by the fluid phase accounting for
the lower pore pressures and radial displacement of the transverse midline and higher axial compressive strain in the
trabecular bone. Variation of tumor tissue material properties did not have a large effect on the behavior of the
trabecular bone centrum of the vertebral body, thus the primary site of the lytic tumor may not be significant in
assessing failure risk.

This study uses a two-dimensional poroelastic axisymmetric finite element model to determine important
parameters in burst fracture risk of metastatically involved vertebral bodies. Due to such an idealized model the results
found here are used solely to make comparisons between the different cases (tumor size, loading rate, tumor tissue
material properties). Future work is necessary to identify and incorporate other potentially important parameters such
as variations in the trabecular bone quality, disc properties and tumor location. These simple models will form a
basis for future work in three-dimensional modeling and experimental validation in attempts to understand the
mechanism of burst fracture in metastatically involved vertebral bodies and ultimately determine better criteria to
assess burst fracture risk in patients with spinal metastases.



VERTEBRAL BODY MODELING: THE EFFECTS OF POROELASTICITY AND LOADING RATE
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Relevance to Musculuskeletal Conditions: In this study we question the importance
of utilizing poroelasticity and the effect of loading rate in the modeling of spinal
motion segments. This has significance in the study of both normal and pathologic
spinal mechanics.

Introduction: The incidence of vertebral body fracture in the United States is
estimated to be over 500,000 per annum. While the majority of vertebral body
fractures do occur anteriorly, burst fracture pattems may arise from high impact
* loading or normal loading in bones compromised by neoplasm. Reports based on
clinical observations have hypothesized that axial burst fractures occur due to
intemal pressurization and resuitant explosion of the vertebral body following the
endplate fracture. The objective of our study was to use a two-dimensional
axisymmetric finite element model to assess the utility of poroelastic modeling
techniques for analyzing spinal motion segments and effect of loading rate on the
likelihood and location of vertebral body failure.

Methods: We developed a two-dimensional axisymmetric finite element model of
a spinal motion segment consisting of the first lumbar vertebral body and adjacent
intervertebral disc. A finite element mesh consisting of 493 elements (8-noded
quads and rebars) was generated and analyzed using commercial software
(PATRAN 5.0, ABAQUS 5.6). The vertebral body was loaded axially under a
uniform pressure of 1 MPa applied though the intervertebral disc, which
comresponds to an applied load of 1200N. The vertebral body was composed of a
cortical shell and endplate modeled isotropically and a transversely isotropic
trabecular bone centrum with properties chosen to represent a young healthy spine.
The intervertebral disc consisted of cartilaginous endplate, nucleus pulposus and
annulus fibrosus. The model was analyzed under a fully elastic configuration (both
disc and vertebral body represented with elastic material properties), with a
poroclastic disc and a linear clastic vertebral body (with and without restricted flow
through the cartilaginous endplate), and as a fully poroelastic model. In the mixed
clastic/poroelastic runs a physiologic loading rate level of 100MPa/s was applied.
The poroelastic model was analyzed under a range of loading rates from 10,000
MPa/s (impact) to 4 MPa/s (slow walking). Our outcome variables were: radial
displacerment of the vertebral body midline (Ul) as an indicator for spinal canal
encroachment, endplate deformation (U2) as a measure of endplate fracture, and
pore pressure (POR) to determine load carried by the fluid phase.

Resulis: Displacement and strain results in the elastically modeled vertebral body
were found to be dependent on the disc representation used (elastic vs.
poroclastic). Free or no flow through the endplate in the mixed models did not
result in significant differences in vertebral body. response (Tb! /).

Discussion: The boundary conditions applied to the vertebral body endplate are
dependent on the constitutive assumptions of the intervertebral disc, and as such,
effects the strain and displacement results in the trabecular bone centrum. Greater
disc deformation in the axial and radial directions in the fully elastic model create
different loading conditions applied to the cortical endplate of the vertebral body,
and thus different responses within the vertebral body itself. For analyses aimed at
studying the responses of the intervertebral disc alone, our results suggest it is
reasonable to utilize a mixed model. The fully poroelastic results in the
intervertebral disc are bounded by the results derived from the mixed models (with
a free flow boundary at the endplate simulating a fully poroelastic model at a slow
loading rate and a no flow boundary condition simulating fast loading). However,
results for strains and displacements in the poroelastic vertebral body are not
bounded by the mixed model results. The fully poroelastic representation yields
higher maximum principle tensile strains and radial displacement in the vertebral
body than found in the mixed models and lower maximum principle compressive
strains and axial displacement. Tk« inclusion of the fluid phase into the vertebral
body results in a portion of the spinal load being supported by the liquid, reducing
the solid strains in the axial direction in the trabecular bone. At the same time, the
incompressibility of the fluid phase will cause expansion and higher strains to

develop in the radial direction within the vertebral body. As the loading rate is
increased. higher values of compressive strains and lower values of tensile strains
were predicted in the vertebral body. Simultaneously, maximum pore pressures
within the nucleus were found to increase, while pore pressures in the vertebral
body decrease. This opposing trend was due to the diffusion time constant of the
nucleus being on the order of 10° s whereas the diffusion time constant for the
trabecular bone is on the order of 10''s. As fluid does not have time to escape from
the nucleus under higher loading rates, the incompressibility of the fluid phase in
the nucleus causes increased axial deformation of the vertebral body endplate.
These results indicate an increased likelihood for endplate failure in vertebral
bodies loaded at higher rates, potentiaily leading to burst fracture patterns if the
endplate fracture permits the nucleus to enter and pressurize the vertebral body.
While this study is limited by the use of a two-dimensional axisymmetric model,
results of this simplified analysis provide justification for the use of more complex
three-dimensional poroelastic models and show the importance of loading rate.
Although the cost of poroelastic modeling is relatively large, both in terms of
determination of additional poroelastic material properties and extended CPU time
(especially for three-dimensional models), a purely elastic approach may not be
sufficient to reproduce the complex behavior exhibited by this two phase structure.

Rate(MPa/s) Ul mm U2 mm POR(MPa)

Elastic - 0.049  -0.048 -
Mixed (no flow) 100 0.050 -0.072 -
Mixed (free flow) 100 0.048  -0.073 -
Poroelastic 100 0.056 -0.067 0.33
Poroelastic 10 0.067 -0.063 0.50

Tuble I: Maximum values from the vertebral body centrum.
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Relevance 10 Musculoskeletal Conditions: In this study we attempt to
identify important parameters necessary for the assessment of burst
fracture risk in mietastatically involved vertebral bodies.

Introduction: The vertebral column is the most frequent site of metastatic
involvement of the skeleton, with up to 1/3 of all cancer patients
developing metastases in the spine. Posterior vertebral body (burst)
fracture can occur due to high impact loading or normal loading in
metastatically compromised bones, resulting in significant clinical
consequences including paralysis. Strength prediction for metastatically
involved vertebral bodies can be used to estimate the risk of vertebral
body failure, including fracture location and the potential for spinal canal
encroachment. To date, the mechanism of collapse of the metastatically
involved spine and its dependence on the extent of tumor involvement
have not been fully understood. The objective of our study was to use a
two-dimensional poroelastic axisymmetric finite element model to
determine the effects of tumor size, material properties and loading rate in
the assessment of burst fracture risk in metastatically involved vertebral
bodies.

Methods: We developed a two-dimensional poroelastic axisymmetric
finite element model of a spinal motion segment consisting of the first
lumbar vertebral body and adjacent intervertebral disc. A finite element
mesh consisting of 493 elements (8-noded quads and rebars) was
generated and analyzed using commercial software (PATRAN 5.0,
ABAQUS 5.6). The model was constructed to allow the inclusion of a
centrally located tumor in the vertebral body, representing a 25% or 50%
defect of the trabecular bone by volume. The vertebral body was
composed of a cortical shell and endplate modeled isotropically and a
transversely isotropic trabecular bone centrum, with properties chosen to
represent a healthy young spine. The intervertebral disc consisted of
cartilaginous endplate, nucleus pulposus and annulus fibrosus. The tumor
tissue was modeled as a poroelastic isotropic material with the aggregate

modulus and hydraulic permeability varied to represent a spectrum of |

material properties found in lytic lesions (H, = 0.0! to 0.25 MPa, k =
0.0005 to 0.005 m/s). The model was loaded axially under a uniform
pressure of 1 MPa applied though the midplane of the intervertebral disc.
Physiologic loading rates of 10 MPa/s and 100MPa/s were used.
Focusing on the wrabecular bone, our outcome variables were:
displacement (1o assess spinal canal encroachment and risk of endplate
fracture), strain (indicating trabecular bone failure), and pore pressure (to
determine the amount of load carried by the fluid phase).

Results: Tumor size had the greatest effect on vertebral body
displacement, strain and pore pressure. Increasing tumor size from 25 to
50% yielded a 40% increase in maximum radial displacement, a 40%
increase in tensile hoop and radial strains located at the axis of symmetry
along the bone tumor interface, and 4 130% increase in the compressive
strain under the center of the endplate. Maximum trabecular bone
displacement in the radial direction shifted from an area adjacent fo the
outer endplate in the intact vertebral body to the transverse midline when a
defect was incorporated. Pore pressure in the vertebral body trabecular
bone also increased by 160% and 280% respectively with the inclusion of

25% and 50% tumors into the vertebral body model as compared to the no
tumor case. With a 10 fold reduction in loading rate, maximum endplate
displacement and axial compressive strains were increased by 5t0 13% in
the pathologic models. At the same time, maximum pore pressures in the
vertebral body were reduced by 8% and were accompanied by a smaller
overall pore pressure gradient. A 10 fold increase in tumor tissue
permeability was found to have no effect on the results. However, a 25
fold increase in tumor aggregate modulus in the 50% defect model
resulted in small reductions in vertebral body strain (2 to 6%),
displacement (0.5 to 3%) and pore pressure (2%).

Discussion: Increased tumor size was found to cause the greatest increase
in vertebral body displacements, strains and pore pressure. The location of
maximum displacement and pore pressures suggest a greater risk for
endplate and radial vertebral body failure (i.e. an increased likelihood of
vertebral burst fracture) as the size of defect increases. Greater maximum
radial displacement values predicted at the transverse midline of the
vertebral body may potentiatly correspond to encroachment into the spinal
canal in a three-dimensional model. Loading rate was found to have the
second strongest effect on vertebral body behavior. As loading rate was
reduced, less load was carried by the fluid phase accounting for the lower
pore pressures and higher axial compressive strains and displacements in
the trabecular bone. Variation of tumor tissue material properties did' not
have a large effect on the behavior of the trabecular bone centrum of the
vertebral body, thus the primary site of the lytic tumor may not be
significant in assessing failure risk. This study uses a two-dimensional
poroelastic axisymmetric finite element model to determine important
parameters in burst fracture risk of metastatically involved vertebral
bodies. Due to such an idealized model the results found here are used
solely to make comparisons between the different cases (tumor size.
loading rate, tumor tissue material properties). Additional work is
necessary to identify and incorporate other potentially important
parameters such as variations in the trabecular bone quality, disc
properties and tumor location. These simple models will form a basis for
future work in three-dimensional modeling and experimental validation
with the goal of determining better criteria to assess burst fracture risk in
patients with spinal metastases.

Figure 1: Loaded disc and vertebral body with a 25% tumor.
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Introduction: Breast, prostate, lung and renal cancers are the most common
primary tumors which metastasize to bone. In order to model and understand
the fracture mechanism in the metastatically involved skeleton, one needs to
prescribe the mechanical properties of the tumor tissue. Unfortunately, little
quantitative data exists for this purpose. Previous models examining lytic
tumor behaviour have utilized properties of other soft tissues (ie brain tissue)
or have modeled such lesions as voids. The objective of our study was to
measure the biphasic material properties of human lytic tumor tissue which
has metastasized to bone, and to determine if these mechanical properties are
dependent on tumor type and/or composition.

Methods: Lytic tumor tissue specimens were harvested from human bone
and tested under a confined compression uniaxial creep protocol. Tissue
specimens were fresh frozen, cut and punched directly into a titanium
confining chamber resulting in a cylindrical plug 1-2mm in height by 5 mm in
diameter. Each specimen was sandwiched between a porous glass platen
(below) and a low friction acrylic platen (above). A constant load was applied
to the specimen inside the confining chamber and a linear variable differential
transformer was used to measure the change in displacement over time. The
experiments were conducted in a saline bath at 37 degrees Celsius. Each
experiment was run until equilibrium had been reached. Applied loads ranged
from 0.5 g to 1.5 g. Initial apparatus testing was done using a hydrogel
material to ensure the precision and repeatability of the experimental protocol.

Specimens from 14 lytic tumors which had metastasized to bone were
harvested. These include specimens from breast, lung, renal, multiple
myeloma and other cancers. Multiple specimens were tested for each tumor
(with 3 exceptions due to small tumor size) to determine the intra-specimen
variability due to both the testing protocol and inhomogeneities within the
tumor. This resulted in a total of 27 specimens which underwent mechanical
testing.

The mechanical behaviour of the tumor tissue was modeled using linear
biphasic theory. This approach assumes that the solid phase of the tissue is
isotropic, homogeneous and linearly elastic and that the fluid is inviscid and
incompressible. The outcome variables for each specimen were the aggregate
compressive modulus (Ha) and the hydraulic permeability (k). To determine
these linear biphasic material properties of the tumor tissue specimens, the
displacement vs time data was curve fit using a numerical minimization of
least squares technique (Matlab 5.0) to the solution for creep displacement u(t)
predicted by this model: )

ut) P 5 exp( ~tH ak(m (1 +2n)/2h)?
T ) ;
h  Ha o (m(1+2n))

where Pa is the applied stress in MPa, h is the initial specimen thickness in
mm, and t is time in seconds. Applied loads were adjusted so as to meet the
small strain behaviour assumed in this theory.

Following testing, the histology of each tumor specimen was analyzed.
The specimens were immersed in formalin and run through an H & E stain.
Visual inspection of the slides was used to determine the cellular vs. stromal
content of the tissue present in each specimen. The cellularity data was
organized into four groups: 0-25% cells, 25-50% cells, 50-75% cells, and 75-
100% cells

Standard analysis of variance procedures were performed to compare
specimen group means and to estimate the effect of the specimen variables
(tumor type and cellularity) on the measured parameters of interest (Ha and
k). A Fischer LSP test was used to determine differences between groups
where appropriate.

Results: The aggregate modulus (H,) of the tumor tissue tested yielded a
mean of 0.0034 MPa with a standard deviation of 0.0016 MPa. The mean
hydraulic permeability (k) of the specimens was 0.61 mm*Ns with a standard
deviation of 0.44 mm*/Ns.

Tumors with a higher percentage of stromal content were found to be
stiffer than those with a more cellular composition. The aggregate modulus of
specimens with less than 50% cellularity was 76 percent more than that from
more cellular tumors (0.0051 MPa vs 0.0029 MPa , p<0.05). As well, tamors
with lower cellularity were found to have a higher hydraulic permeability,
although this result did not reach the level of statistical significance (<25%
cellularity, k=1.13 mm%Ns; >25% cellularity, k=0.54 mm*/Ns, p=0.066). No
significant differences in aggregate modulus or hydraulic permeability were
found between tumors of different types.

Discussion: Tumor tissue specimens with a higher stromal content were
found to behave stiffer than more cellular specimens. A higher percentage of
stromal matrix increases the interconnectivity of the tumor tissue yielding
both a higher compressive aggregate modulus and lower hydraulic
permeability than more cellular specimens. No significant differences in
mechanical properties were found between different tumor types. This finding
is not surprising considering the histological variation seen between tumors of
the same type and even within different areas of individual specimens.

The values of H, and k reported here are consistent with those measured
for other hydrated tissues. For comparison, results from experimentation done
on annulus fibrosus and cartilage have yielded much stiffer and less
permeable results (annulus: H,=0.12 MPa, k=0.013 mm'/Ns; cartilage: H,=0.3
to 1.5 MPa, k=0.01to 0.001 mm*/Ns). The high fluid content of the tumors and
the poor interconnectivity of the solid matrix would support the low aggregate
modulus and high permeability values measured for this tissue.

In order to adequately model the behaviour of the metastatically
involved skeleton using theoretical or finite element analysis techniques, it is
necessary to know the biphasic material properties of the tumor tissue itself.
Previous models developed to study burst fracture in the metastatically
involved spine have neglected the material properties of such lesions. Bony
defects have been modeled as voids, neglecting any effects from the mass and
fluid behavior of tumor material. Due to these misrepresentations, the risk of
burst fracture and neurologic injury in these studies may have been
underestimated. Determination of tumor tissue material properties will enable
the development of more accurate models of the metastatically involved spine
which may be better able to simulate the pattern of burst fracture and clarify
the risk of neurologic compromise.

Determination of the biphasic material properties of lytic lesions also
has importance in developing effective tumor-drug transport models. In order
for therapeutic agents to reach cancer cells, these large macromolecules must
travel from the vessels across the interstitial matrix of the tumor. Higher
permeabilities found in more cellular tumors may facilitate the transport of
therapeutic agents to these metastases in comparison to tumors with higher
stromal contents. Heterogeneous neoplasms, which incorporate areas of high
cellularity and regions consisting mainly of stromal matrix may require
sophisticated modeling to accurately gauge drug delivery throughout the
tumor.

This study provides values for the mechanical properties of lytic bone
metastases. Understanding the mechanical behaviour of this tissue may help to
better focus future treatment of lytic bony metastases through improved drug
delivery and better assessment of fracture risk.
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Introduction: The vertebral column is the most frequent site of metastatic
involvement of the skeleton, with up to 1/3 of all cancer patients developing
tumors in the spine. Posterior vertebral body (burst) fractures can occur under
normal loading conditions in the metastatically involved spine resulting in
significant neurologic consequences. The objectives of this study were to
develop and experimentally validate a three-dimensional finite element model
which can adequately predict the behaviour of metastatically involved spinal
motion segments and to determine the effect of reduced bone density on the
risk of meurologic injury.

Methods: Fresh-frozen spinal motion segments were harvested from 6
cadaveric spines through the midplane of the 12" thoracic and 2™ lumbar
vertebrae. Bone mineral densities were determined for all specimens using
DEXA in the lateral projection. The spinal motion segments were tested in
axial compression using a servo-hydraulic MTS machine. Specimens were put
under a -100 N preload followed by a load of -800 N which was applied to the
specimen at a rate of 16000 N/s. This load approximates the compressive
force on the lumbar spine for an individual standing upright, holding a 3.8 kg
mass with outstretched arms.

Following testing of the intact specimen a defect was introduced into the
trabecular centrum of L1 (Figure 1). A 16 mm diameter hole was cored into
the trabecular centrum through the lateral wall, without breaking through the
opposing cortex. The core was removed from the centrum and the defect
filled with a 0.5% solution of agarose gel. This gel was formulated to mimic
the average material properties of lytic tumor in bone. The core was dissected
to yield an end-cap of trabecular bone and cortical shell which was reattached
to the vertebral body using PMMA, filling all gaps for a tight seal. The defects
occupied approximately 15% of the trabecular bone centrum by volume.
Biomechanical testing of the specimens containing these defects was repeated
as described above.

We developed a three dimensional poroelastic finite element model of
the first lumbar vertebra and adjacent intervertebral discs, symmetric about
the sagittal plane and incorporating anatomical vertebral body curvature based
on average values reported for L1 (Figure 1). The posterior arch was included
in the model, although no other posterior elements were modeled. The model
was designed to include a centrally located hemi-elliptical tumor occupying
15%, 30% or 45% of the trabecular bone centrum by volume. The mesh
consisted of 5668 elements (20-noded bricks) and was generated and analyzed
using commercial software (PATRAN 7.0; ABAQUS 5.7).

Figure 1: Xray of a Spinal Motion Segment with an Artificially Introduced
Defect and the Metastatically Involved Vertebral Body Finite Element Model.

In order to validate the model, analyses were conducted under conditions
similar to the experimental testing. The model was loaded in axial
compression through the midplane of the superior intervertebral disc with a
pressure of -0.62 MPa (corresponding to an -800 N load), at a loading rate of
16000 N/s in accordance with the experimental protocol.

Our goal was to assess the effects of bone mineral density on the
potential for neurologic compromise in the metastatically involved spine. To
address this goal and compare our model and experimental results, we
determined the load induced spinal canal narrowing (LICN) and the hoop
strain at the midline of the anterior vertebral body wall.

Results: The experimental results demonstrated an increase in LICN from
64% to 400% (232+107%) when a 15% tumor was included as compared to
the intact specimens. This percentage change in LICN was found to increase
as bone mineral density decreased (Figure 2). Tensile hoop strains along the
midline of the anterior wall also increased with the inclusion of a tumor from
146% to 1067% (518+338%). This percentage change in tensile hoop strain
similarly increased with decreasing bone mineral density.

In comparing the intact and 15% tumor finite element models, our
poroelastic finite element model predicted a 104% increase in LICN with the
inclusion of the tumor as compared to the intact model with a trabecular bone
apparent density of 0.10 g/cm’. When the trabecular bone apparent density
was increased to 0.17 g/cm® the model predicted an 83% increase in LICN. In
comparing bone density to canal narrowing, Similar to the experimental
results, lower bone density values predicted higher percentage increases in
canal narrowing with the inclusion of the vertebral defect.
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Figure 2: Bone Mineral Density vs. % Change in Canal Narrowing between
the Intact and Metastatically Involved Vertebral Bodies - Experimental data.

A 70% increase in the apparent density of the trabecular bone, caused a
157% reduction in LICN and a 63% reduction in the tensile hoop strain in the
15% tumor model. Similarly, in the experimental testing of the metastatically
involved specimens, a 70% increase in bone mineral density yielded a
reduction of 163% in LICN and a decrease of 217% in tensile hoop strain.

Discussion: Inclusion of a metastatic defect into the vertebral body increases
both narrowing of the spinal canal and tensile hoop strains at the vertebral
midline. Our idealized model serves as a good predictor of both changes in
canal narrowing and tensile hoop strains as compared to our experimental
data.

Decreasing vertebral bone density was found to increase the narrowing
of the spinal canal and tensile hoop strains at the vertebral body midline.
Failure of the vertebra due to elevated tensile hoop strains would correspond
to clinical patterns seen in the burst fracture of metastatically involved
vertebral bodies in which pieces of bone and tumor tissue may be retropulsed
into the spinal canal. Such increases in tensile hoop strains and capal
narrowing have important implications for an increased risk of neurologic
compromise in patients with reduced vertebral bone densities. Clinically, our
data suggest that bone mineral density may be one important predictor of burst
fracture risk and neurologic injury in patients with vertebral metastases.

In this study we have developed and validated a three-dimensional finite
element model of a metastatically involved spinal motion segment. Future use
of this idealized model and our experimental data will allow us to examine the
effects of increased loads and loading rates, tumor size, pedicle involvement
and disc quality in examining burst fracture risk in the metastatically involved

spine.
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